Featured Application: A bolt-compression steel plate (BCSP)-system is usually used for effective method to improve flexural behavior of over-reinforced concrete beams. Using steel plate in compression zone increase flexural capacity of RC beam. The BCSP beam can behave as ductile structural member.
Introduction
In the development of civil engineering, the increase in critical sections is essential for the improvement and strengthening of the critical section. One of the most significant aspects is the over-reinforced section in the structure. However, due to various reasons, improvement is essential in over-reinforced members to prevent brittle failure and undue aging. With this improvement, the beams possess higher ductility and stiffness, including high energy absorption to carry extra loads [1, 2] .
Notably, the most conventional techniques for the design of flexural beam in the brittle failure of concrete are not permitted by several international codes of practice [3, 4] due to the low ductility of the members. According to ACI 318-02 and AS3600 [3, 4] , the reinforcement ratio of the flexural reinforced concrete beams is classified into three categories, which may be balanced, under-reinforced, and over-reinforced. Therefore, the development of the over-RC beams can be obtained by replacing the steel bars in compression with quality materials, which exhibit better performance. The section of the replacement material will depend on the method of the section development. Moreover, several methods were used in the past with various degrees of success. The methods included helical reinforcement [5] [6] [7] [8] , short stirrups with/without steel fiber [9] , hybrid system, hybrid reinforced concrete beams. These beams consisted of two or three layers of diverse concrete strength levels. This range of strength could be seen from the top section made of high strength concrete (HSC), with a bottom layer, which was made of normal strength concrete (NSC) [10] , and an external bonding with a steel plate in the side of the RC beam [11, 12] . The steel plate bonding in compression was the current method.
Overall, these methods were used to avoid brittle behavior and crushing failure. The use of helical reinforcements in the critical zone at the mid-span of the beam was one of the most important methods to develop the over-reinforced beam [13, 14] . However, the studies conducted on the confinement of columns have recently been the basis of the development of the confined compression zone in beams [15, 16] . Accordingly, further investigation on the behavior of confined normal strength concrete (NSC), high strength concrete (HSC), and pre-stressed beams are required [6, 7, [16] [17] [18] . Elbasha and Hadi [5] observed a linear increase in the spalling-off loads and decrease in ultimate load as the helical pitch increased. However, the decrease in helical pitch was due to the increase in displacement. They also reported that the failure yields and deflections were reduced with the increase in compressive strength of the concrete. This was followed by a significant decrease in the ductility index as the concrete compressive strength increased. Overall, it was indicated that the increase in the ratio of longitudinal reinforcements would increase the displacement ductility index, allowing the occurrence of a higher ultimate in the beam [8] . Several other findings were also developed on the installation of short stirrups as confinements [19] . Specifically, Jeffery and Hadi reported that helical reinforcements had higher effectiveness compared to short stirrups to improve the flexural capacity and displacement ductility index of the confined concrete [6] . Further studies on the hybrid system involved the use of different steel bars types, including normal reinforcement and Fiber Reinforced Polymer FRP bars, as recorded by Qin et al. (2017) [20] . It was found in their study that high strength concrete and ultra-high-strength concrete were reinforced with glass fiber reinforced polymer (GFRP). It was also found that the highly reinforced beams exhibited a higher level of ductility compared to the under-reinforced beams. Following that, ultra-high-strength concrete beams recorded higher energy absorption potentials compared to the high-strength beams with the same amount of reinforcement [20] . Importantly, the main objective of the implementation of various techniques is to improve flexural capacity and stiffness for the prevention of brittle failure of the over-reinforced beams.
Additionally, the use of external strengthening by bolted/glued steel plates system, which is a low-cost system with high stiffness, has been proven to be an effective technique for the improvement of the reinforced concrete structures. The system is glued to the beams and attached to the compression/tension zones of the beam to increase its flexural capacity, ductility, and stiffness [21] [22] [23] . According to Oehlers and Moran (1990) , RC beams that are strengthened with tension-face plates may undergo brittle failure as a result of the disconnection between steel plates and concrete surfaces. Therefore, overcoming premature failure is key in the design of beams with externally glued steel [24] . Oehlers et al., (1998) , also highlighted that the use of web bonded steel plates could prevent premature failure of reinforced concrete members with flexural strengthening [25] . Based on Siu and Su's (2011) , study on the flexural performance of bolted steel plates BSP beams, it was found that omitting the partial interaction between the beams and the steel plates would lead to up to 30% of overestimation of the enhancement [11, 26] . However, various techniques and materials to strengthen structural has received significant attention among researchers in the recent decades.
To date, a few studies have investigated the behavior of concrete beams that are over-reinforced using the bolts compression steel plates (BCSP) system. Therefore, this study aims to investigate the effects of bolts compression steel plates (BCSP) on the behavior of over-RC beams. It attempts to change the behavior failure from brittle to ductile. Furthermore, achieving an inelastic mechanism with appropriate deformation capacity will reduce the crushing by the BCSP-system. This was followed by the improvement in strength, strain, and energy absorption (EA) for the over-reinforced section. In this research, simply supported beams and steel plates of different thicknesses were used in the development sections.
Experimental Work

Beam Specimens
Four full-scale specimens were tested experimentally using pure static bending loads. In achieving this study's objective, over-reinforced beams of simply supported were fabricated. Then, the beams were tested under two-point loading. The length, width, and depth of the beams were 2400 mm, 200 mm, and 300 mm respectively, with the thickness of the concrete cover amounting to 20 mm. The corresponding details are displayed in Table 1 and Figure 1 . The specimens were then over-reinforced by 5Ø20 tension bars with 460 MPa yield strength, which represented 3.27% of steel percentage. Adequate shear reinforcement was provided as a precaution against premature shear failure. The shear reinforcement comprised a transverse reinforcement of 17Ø6 and 275 MPa yield strength. This yield strength was according to the stirrups spaced at 50 mm center-to-center in the point-of-load application. However, no stirrup was provided in the middle zone between the point-of-load applications to avoid any confinement of the concrete due to the stirrups. The properties of steel reinforcement have been adopted in a previous study [27] . Meanwhile, the steel plates used for beam development consisted of 180 mm width and 1100 mm length, with the adopted thicknesses amounting to 6 mm, 10 mm, and 15 mm. The steel plates comprised of 243, 255, and 237 MPa yield strengths [28, 29] . The details of all the beams are presented in Table 1 , Figures 2 and 3 . The average concrete compressive strength obtained from compression tests amounted to 36.08 MPa on the 28th day. The maximum aggregate size of 10 mm was used in the concrete mix. Following that, the cast of ten 100 mm × 100 mm concrete cubes and 200 mm × 100 mm concrete cylinders for compressive, tensile, and flexural testing was performed according to British standard specifications [30, 31] . The concrete mix proportions are listed in Table 2 . A beam specimen without a steel plate was prepared and used as a control beam (CB) to demonstrate the structural performance of an over-reinforced beam without a development. Meanwhile, the BCSP beams used in this study were divided into three series, namely the BCSP-6, BCSP-10, and BCSP-15 beams developed by the steel plate of 6 mm, 10 mm, and 15 mm thicknesses. To develop a bond between the steel plate and the concrete, 24 bolts with 200 mm length and 12 mm diameter were used [32] . The steel plates were 1100 mm long and 180 mm wide. Additionally, holes of 12.5 mm clearance were added to the plates to enable tolerances during the bolting. Corresponding details are presented in Table 1 . Each of the beams was cast using a steel formwork. However, as shown in Figures 4 and 5b , the BCSP beams of bolting-compression plates were provided by placing two pieces of wood under the plates during concrete casting. As shown in Figure 5a . The beams were then cured for 28 days before the external plates were fixed to cast-in sockets with the bolts. Afterward, the bolts were cast to the beam in order to prevent any slip within the clearance hole of plates and avoid buckling of the steel plates. 
Testing Setup
Furthermore, all the over-reinforced simply supported beams were tested under static loads applied over a span of 800 mm. A constant shear span with an effective depth (a/d) ratio of 2.7 was adopted in all the tests. Following that, an MST universal testing machine of 4000 kN capacity hydraulic jack with 50 mm stork length was used to apply the static load. The load was then transferred from the actuator to the spreader beam through a stub column of 2000 mm. Figure 6a ,b present a schematic view of the experimental specimen for the test-setup and equipment used in the study. Moreover, a linear variable displacement transducer LVDT was used to measure the mid-span displacement of the beams at a rate of 2 mm/min until peak flexural failure took place. The initial cracks were observed during the experiment, followed by the visual monitoring of the propagation of the cracks. The crack pattern was carefully marked and the loads were recorded accordingly. Two electrical resistance strain gauges were attached at the top of the beams, directly underneath the position of the load cell, to measure the concrete strain; the same position was also used to measure the strain of the steel plate. Two strain gauges were attached at the middle of the beam span in the longitudinal direction of the tensile bars on the bottom to measure tensile strain. All the experimental data including strains, load and displacement at mid-span for over-RC beams were recorded by a data logger, as shown in Figure 6a ,b. 
Results and Discussion
Failure Modes and Crack Patterns
Based on Figures 7a-d and 8, similar crack patterns and failure modes were observed for all the over-reinforced beams. With the increase in the applied load, the flexural cracks were initiated and gradually extended from the mid-span of the beam. Afterward, new vertical cracks started to propagate towards the support regions. The existing flexural cracks at web shear were increased through further load into flexure-shear cracks. It was observed that the cracks widened under the load points after the formation of the flexure-shear cracks. As time passed, the cracks widened more significantly below the loading points. As a result, the maximum spalling of the concrete cover took place in the compression zone at the critical region of the bending moment.
The vertical crack was initially formed in the CB beam at a load of 71.5 kN, resulting in the formation of flexure-shear crack at a load of 220 kN. A typical brittle failure was observed in this beam, which could be seen from the crashing of the compressive zone at peak load. At the peak load, there was a remarkable drop in the CB beam's load-bearing capacity, which was defined as peak 1. The load at peak 1 ranged from 356 to 375.5 kN. This peak load was regarded as the failure load of the CB beam due to the spalling and crushing of the concrete cover, as shown in Tables 3 and 4 . Moreover, it could be seen in Figures 7a and 8a that the load was considered as the carrying capacity of the CB beam (P Peak ) from a design point of view, due to the crushing and spalling of the concrete cover. In the case of the specimen, the BCSP-6 beam was developed with the thickness of the steel plate as 6 mm and 24 bolts-compression arrangement. Slow propagation of flexure and flexure-shear cracks was also observed. Additional cracks were found on the concrete cover beyond the peak 1 loading. As for this beam, the observed peak 1 loading amounted to 521 kN. After the crushing of the concrete cover at the peak 1 loading, the beam was able to sustain additional loading, which was identified as the reserve capacity or a pseudo ductility of the beam. Although a slower rate of crack formation was present, higher crushing strength of the concrete cover was observed. The loading was stained by the beam until horizontal cracks were formed in the compression zone at another loading, which was denoted as peak 2. Although the reserve capacity of the beam was retained, a slight decrease in load occurred at this point until total failure occurred at peak 3, as shown in Tables 3 and 4 , Figures 7b and 8b. As the peak 2 loading amounted to 560.1 kN, whereas peak 3 loading amounted to 652.3 kN. Meanwhile, the load at peak 2 ranged from 560.1 to 644.2 kN, while the load at peak 3 ranged from 633.14 to 601.3 kN.
The BCSP-10 beam was developed with a 10 mm thickness of the steel plate. Peak 1 was observed in this beam when the spalling of the concrete cover occurred. This was followed by observation on the horizontal cracks at the compression zone underneath the loading points. The peak 1 loading for this beam was 635 kN. Additionally, the beam was able to carry additional loads and exhibit reserve capacity (pseudo ductility). Notably, there was a remarkable increase in the load-bearing capacity of the beam at this stage until the observation of peak 2 at 837.6 kN load. The peak loading ranged from 801.25 to 794.7 kN. The concrete on the top of the surface was not damaged even at the point of failure of the beam. Subsequently, its failure took place in a flexural mode with a slight horizontal cracking, as shown in Tables 3 and 4, Figures 7c and 8c. The last specimen, the BCSP-15 beam, was developed using 15 mm thickness of steel plate. As a result, the beam remained stiff despite the widening of the cracks. The peak 1 loading for this beam was observed as 935.3 kN. The beam sustained the additional load, exhibiting the reserved capacity or pseudo ductility properties. Other than that, a stabilized and continuous load-bearing capacity was evident at the B stage of loading into phase C due to the 935.3 kN increase in displacement. Phase D led to the decline in the loading capacity into the phase F. Despite the failure of the beam, there was no damage at the top of the concrete. Subsequently, the beam failure took place in the flexural mode without horizontal cracking, as shown in Tables 3 and 4 , Figures 7d and 8d .
The procedures for the failures of the BCSP-6 and BCSP-10 beams were similar in terms of the concrete crushing at the loading points. Furthermore, the failure mode of these beams had been developed through a bolting steel plate. Moreover, the failures of the BCSP-6, BCSP-10, and BCSP-15 beams occurred with a yield of steel plate. However, no buckling was involved. As the cross-section was unaltered, a high load capacity could be maintained in the beams after the peak load for the BCSP-10 and BCSP-15 beams.
Therefore, three types of failure modes were present in the over-reinforced beams, namely (1) the crushing of concrete cover at compression mid-span, (2) initial spalling of concrete cover and crushing underneath the loading point, and (3) the flexural failure. Additionally, an extension of the shear cracks was present, including an increase in the crack width within the span. The flexural cracks were formed at an approximate average spacing, which ranged from 80 to 120 mm. The stress-strain diagrams were used to compute the analytical load capacities (P analy ) based on the RC specifications of the ACI-code [33] . This computation was also performed on the analytical load capacities based on the results of the material test, as shown in Table 4 .
Concrete and Steel Strains
The placing of the strain gauges is such that the concrete strains are on the top surfaces of the beams in the longitudinal direction whereas the steel plate and longitudinal reinforcement strains are in the bottom rebar. The strain progress through the loading of each beam is showed in Figure 9 . The load-strain behavior for concrete (ε c . avg ) for the CB beams is shown in Figure 9a . The average concrete strain was found to be 0.0026 based on the linear regression analysis of the loading data up to spalling (crushing of concrete cover). A full failure of the cross-section was observed for the CB beam, quickly after the spalling load. The failure was very brittle in nature.
Linear regression was not fitted for determining average concrete strain for the steel plate for the BCSP-6, BCSP-10, and BCSP-15 beams. As shown in Figure 9b -d, concrete stain at failure was found to be 0.003, 0.0035, and 0.0038 respectively. These values are quite consistent with the assumed maximum compressive strain values of 0.003 and 0.0035 according to ACI and CSA [3, 34] , respectively. For these beams, the tension reinforcement strains from the tests at the spalling load exhibited elastic behavior without failure until the peak load was reached. After the crushing of the beams, the tension reinforcement yielded as shown in Figure 9 . At higher strains on steel bars of the BCSP beams, they withstood more loading. This means that the beams can carry higher loads at the same strain of steel bar without failure. At much higher applied loads, yielding of the steel-plates occurred and was localized under the flexural loading area. The steel plate exhibited plastic strain until the point of peak loading and yielding of the steel plates was initiated before the crushing of the concrete progressed as shown in Figure 9 . 
Responses of the Beams to Flexural Loads
Various responses were present in the over-reinforced beams towards the applied loads. To describe the individual responses of the beams, regardless of the presence or absence of steel plates, the characteristics of the beam bending were considered. Furthermore, the loading phases were divided into five phases, as illustrated in Figure 10 . The peak load present in the horizontal cracking in the compression zone was indicated as a spalling load by P spall . Meanwhile, the center point deflection of the spalling load was identified as ∆ spall . The second maximum loading, which was obtained after the spalling load was the peak load, (P peak ), with the center point deflection being denoted as ∆ peak . This peak was identified as a result of the deformation-controlled testing system.
Five phases of response were identified as the beams were tested, which were represented in the response curve by the areas ranging from 0 to F. The phase 0-A took place before the initial crack was formed on the concrete. As the initial crack was observed, the cracked section responded to the loading in a linear manner, as shown in the second phase A-B. Phase B-C was the non-linear phase before the compressive capacities of the beams was achieved. In this phase, the spalling of the concrete started at point B. Following this phase, the CB beam exhibited highly brittle characteristics, leading to failure of compression shown in phase C-F in the response curve. During the fourth phase, another peak was observed in the beams with the development of steel plates in section C-D due to the redistribution of the internal stresses. Following this peak, the beams with the development of steel plates exhibited a significantly ductile characteristic due to the increased stiffness and strength mobilized by the steel plates. This phase was denoted as D-F. Figure 10 presents the load-displacement curves for the center points of the four over-reinforced beams. The maximum capacity of the CB beam was the spalling load. Therefore, the beam in which capacity exceeded this load exhibited highly brittle characteristics. The responses of the beams indicated the influence of the confinement configurations by system development on the behavior of the beams during and after the spalling of the concrete cover. However, the introduction of confinement into the compression zone resulted in an increase in elastic bending stiffness. The BCSP-6 beam experienced a significant capacity increase from P spall to P peak , indicating a combination of higher compressive strength and increased ductility. Beyond the peak load, the significantly high load was sustained in the beam. Furthermore, the BCSP-10 and BCSP-15 beams exhibited an increase in section stiffness. A remarkable decrease in load was then observed after the first peak as a result of the spalling o the concrete cover under the two-point loading. However, the only failure in flexure was observed in the BCSP-15 beam, with no horizontal cracks in the compression zone or at the point loads. However, through the increased thickness of the steel plate, it was ensured that the beams' cross-section was maintained with reduced flexural cracks through the redistribution of the internal stresses. Figure 11 illustrates the loads and displacement curves for each over-RC beams with the spalling loads and the obtained displacements. The sections of the curve after the peak load indicated the ductile characteristic of the beams. 
Crack Width
Vernier Caliper readings were used to measure the width of the cracks during the pre-crack loading stages for all over-reinforced beams until the occurrence of failure, as seen in Figure 11 . The development of cracks at each stage was measured and marked on the beams to observe the growth, sequence, and pattern of cracking. As a result, three types of crack were identified, namely flexure, flexural-shear, and horizontal cracks (spalling of cover concrete). Specifically, flexural failure was taken into account in this study to identify the flexural cracks in the beams specimens. Furthermore, the type of loading and mode of failures of the beam specimens are listed in Tables 3 and 4 . Meanwhile, the crack widths for all the over-reinforced beams are shown in Figures 7 and 8 .
It was observed that the loads were initially increased up to 30%. Although the ultimate load of the CB beam possessed an elastic characteristic, 45% of the ultimate loads in the BCSP-6, BCSP-10, and BCSP-15 beams were dominated by this characteristic. This was followed by the appearance of flexural-shear cracks, which initially occurred at the mid-span of the beam sections. They gradually extended to the point-of-load application and finally to the supports. Then, the existing diagonal cracks widened and extended further with the increase in the loadings. Furthermore, the flexural cracks were observed at the point of load application. The applied load was approximately half of the ultimate load for the CB beams; however, it amounted to approximately 65% for the BCSP beams. For all the beams, the flexural cracks reached the mid-depth of the beam sections. At approximately 80%-90% of the ultimate load, the horizontal cracks appeared at the point-of-load application and widened significantly until the beam failure took place. Figure 11 illustrates the maximum width of the flexural cracks of all the beams with the corresponding loads. To be specific, the applied loads amounted to approximately 90% of the ultimate load. It was indicated from the figure that the imposed load, which corresponded to the first flexural cracks, decreased with as the thickness of steel plate to the effective stiffness ratio increased.
Energy Absorption
In this section, the energy absorption EA capacities were estimated by calculating the areas under the curves of load versus midspan displacement, as shown in Figure 12 [35, 36] . Compared to the CB beam, higher EA capacity and stiffness values were observed in the bolted steel plate over-reinforced beams specimens. The values of the EA capacities for the over-reinforced beams are presented in Table 5 . Based on Figure 13 , it was found that the CB beam possessed the lowest energy absorption capacity compared to the over-reinforced beams. Additionally, the EA for the CB beam amounted to approximately 4.03 kN m. The highest value of EA of 22.5 kN m was recorded for the BCSP-15 specimens, which were developed with a bolted steel plate with 15 mm thickness. As shown in Figure 13 and Table 5 , this value was then increased further by 247.5%, 317.5%, and 462.5% for the BCSP beams compared to the CB beam. 
Ductility
The ductility of the material is indicated through the energy absorbed by a material until a complete failure takes place. In fact, material ductility is a crucial factor in the design of structures [11, 37, 38] . To quantify the ductility of a reinforced concrete structure, the ratio of curvature of the concrete from the crushing to the yielding of the reinforcement is usually reported as the ductility index [10, 18, [39] [40] [41] [42] .
As over-reinforced beams were used in this study, the use of the yielding of reinforcements to find the ductility index was more challenging. Alternatively, ductility indices were evaluated at 90% of the spalling load based on the behaviors of the over-RC beams at the spalling load, peak load, and post-peak response. This phenomenon is different from the seismic design methodology explained in Euro-code 8 [43] , where a post-peak value of 85% of the maximum bending value was used to define the local sectional ductility index.
The definition of ductility presented in this study was based on the load-deflection curve under compressive loading. Therefore, the displacement ductility ratios were defined as µ 1 = ∆ peak /∆ spall and µ 2 = ∆ 0.9, spall /∆ spall , while the center point deflection at 90% of the spalling load was defined as µ 0.9, spall . Tables 6 and 7 illustrate the BCSP-15 beam, where the calculation of the ductility was based on the yield load. Essentially, increasing the thickness of steel plates led to higher ultimate deflection and ductility. A ductility of 10%, 19.1%, and 17% was achieved in the BCSP-6, BCS-10, and BCSP-15 beams respectively, which was higher than the ductility of the CB-beam according to the spalling load (µ 1 ). However, the ductility of the BCSP-15 beam was based on the yield load. Meanwhile, the ductility index (µ 2 ) for the BCSP-6 and BCSP-10 beams amounted to 2.7 and 2.9 respectively due to the increase in the thickness of the steel plate in the compression zone. As a result, the beam stiffness increased which restricted the crack propagation and improved the ductility. An improvement in the BCSP-15 ductility index (µ 2 ) by 2.2 was observed. For this reason, the toughness of the compression zones of the BCSP-15 beam posed a minor influence on structural ductility. However, the capacity strength significantly increased due to the inverse relationship between flexural capacity and ductility, as shown in Tables 6 and 7 .
Flexural Stiffness
Service Stiffness
To calculate the flexural stiffness of every specimen, the slope between the two points corresponded to pre-crack loading (30% of peak loading), spalling load, and yield load (80%-85% of peak loading) on the ascending segment of the load-deflection curve. Normally, the stiffness measured from the slope of the pre-crack loading to the yield load segment of the load-deflection curve was defined as the service stiffness. The service load level for a reinforced concrete beam normally corresponded to 60% until 70% of the ultimate load of the beam based on the load and material factors stipulated in the reinforced concrete design codes [44] .
In this study, the permanent deformation of steel bars was not used to identify the stiffness as the beams were over-reinforced. Furthermore, stiffness was defined based on the response of the beams at the spalling load, yield load, and pre-crack loading. The stiffness ratios were defined as K 0.3Ppeak = P 0.3Ppeak /∆ 0.3Ppeak , K sec = (P spall − P 0.3Ppeak )/(∆ spall − ∆ 0.3Ppeak ), and K spall = p spall /∆ spall , where K 0.3Ppeak , secant stiffness (K sec ), and Spall stiffness (K spall ) were present. Due to the presence of yield in the BCSP-15 beam, it was dependent on K sec = (P yield − P 0.3Ppeak )/(∆ yield − ∆ 0.3Ppeak ). Meanwhile, K yield = P yield /∆ yield was determined based on the load of the displacement data obtained during the test.
Of the peak load 30% and 80%-85% were considered as the realistic representations of the service stiffness for the tested beam specimens. Table 8 and Figure 14 illustrate the service stiffness of the CB beam compared to the service stiffness of the development beams. It was observed that the service stiffness (K 0.3peak ) of the BCSP-6 beam increased up to a ratio of 73.7%. As shown in Table 9 , 86% of the increase in stiffness was observed from the BCSP-10 beam, while the stiffness of the BCSP-15 beam amounted to 122.7% in comparison with the CB beam. This increase was possibly the result of the increased thickness of the steel plate, with the absence of buckling steel plate and the slip between the compression steel plate and beam. Furthermore, no bolting slip was present between the steel plate and the beam. These factors contributed to a significant increase in beam stiffness. Therefore, the presence of a steel plate in the compression zone and a higher thickness of the steel plate could lead to higher beam stiffness. 
Post-Peak Stiffness
In order to calculate the post-peak stiffness of the beams, the slope of the curves between the points of the spalling load (80%-85% of peak loading) and the peak load on the descending side of the load-deflection curve was obtained. The loaded beams beyond this section possessed in-elastic characteristics. The stiffness ratios were defined as K Ppeak = P Ppeak /∆ Ppeak and K sec = (P spall − P Ppeak )/(∆ spall − ∆ Ppeak ), and K spall = p spall /∆ spall , where K Ppeak , secant stiffness (K sec2 ), and spall stiffness (K spall ) were determined based on the load to the displacement data obtained during the test.
The post-peak stiffness values were calculated for all the beams, with the values being presented in Tables 8 and 9 and Figure 14 . Obtained for the BCSP-6 beam, it was lower than the service stiffness, indicating a weaker load resisting capability at this loading phase. Generally, the post-peak stiffness for the beams comprised an increase in steel plate thickness, with the exception of the BCSP-15 beam, which recorded a post-peak stiffness of 60.34 kN/mm. With this amount, 11.1% of reduction from the value for the BCSP-10 beam was recorded. Based on the simultaneous evaluation of the toughness and post-peak slope diagrams, the factor of higher flexural toughness values of the BCSP-10 beam was indicated. The lower post-peak slope of the specimens and their higher maximum defections were found to be the main factors of the high flexural toughness.
Comparison with the Previous Studies
In this section, the behavior model of over-reinforced beams presented in this study was compared with the results from previous studies. The steel plates in this study were placed in the compression zone of RC beams. This arrangement was then compared with the use of helical reinforcements, rectangular or square short stirrups, and side-steel plates for RC beam development. The strength, stiffness, ductility, flexural cracking, and mode failure of the beams were compared, followed by the development of several inferences.
The single or double helical reinforcement was found to be a satisfactory method to develop the over-reinforced beam section [7] . This finding was proven through the fact that the experimental flexural strengths of all the beams, which are developed with helical reinforcement, are higher than the strength of the calculated ultimate flexural loads. Furthermore, the beams with helical confinements exhibited lesser deformation compared to the control beams without development. Similarly, the BCSP beams investigated in this study exhibited the same characteristic in terms of flexural strength and deflection. Moreover, as the BCSP-system possessed a different curve of load-deflection, the system exhibited more ductile characteristics compared to the conventional system. Besides being dependent on the helical pitch, the helical system's diameters were the main parameters influencing the effectiveness of helical confinement of concrete. The BCSP-system was influenced by the thickness and length of steel plates.
The helical reinforcements were found to be more efficient in improving the strength and ductility of confined concrete compared to short stirrups [6] . Comparatively, the bolts-compression steel plate was found to be more effective than helical. It also possessed short ties to enhance the strength, stiffness, and EA of the beams.
Therefore, it could be concluded that crushing failure (spalling cover) is present in all methods of the development of over-flexural sections at compression with flexural cracking. Accordingly, the BCSP-system improved the mode failure and transitioned the behavior failure from brittle to ductile. It also avoided sudden failure in the compression zone. Overall, the development of mode failure was observed in this study using failure modes and crack patterns. The details of the flexural behavior are presented in Section 3.1. This failure was due to the strain gradient effect, which occurred in the effective thickness in the BCSP beams subjected to flexural stress. For this reason, the horizontal cracking was reduced to a lower level compared to the cracking in tension. However, the systems with the helical steel and side-steel plate experienced section improvement, which maintained the crushing failure, as seen in Figures 15-17 . These findings could be compared with the mode of failure of the BCSP beams presented in Figure 7 . 
Conclusions
A laboratory investigation was conducted on over-reinforced beams with a bolted compression steel plate arrangement using various thickness levels. Based on the results of the investigation, the following conclusions can be drawn.
1.
Bolting the steel plates at the compression zone resulted in a significant increase in the load-bearing capacity of the BCSP beams as the increase in steel plate thickness took place with the control beam. The peak load-capacity of the BCSP beams ranged from 73.7% to 149% of the CB beam. Notably, the BCSP beams sustained higher loads before the appearance of initial cracks. Therefore, the use of steel plates was found to be an effective crack control strategy, which is highly important in ensuring the serviceability of RC structures.
2.
It could be concluded that the EA of the BCSP beams increased due to the increase in steel plate thickness compared to the control beam. It was also observed that the increase in EA amounted to by 247.5%, 317.5%, and 462.5% for the beams with 6 mm, 10 mm, and 15 mm steel plate thicknesses respectively.
3.
There was also an increase in the beams with the steel plates compared to the CB beam. Meanwhile, the increase in the flexural service stiffness ranged from 73.7% to 122.7%. The steel plates exerted additional resistance against the compressive forces after the concrete cracked.
4.
The use of steel plates for the development of over-reinforced beams could contribute to an increase in stiffness of the BCSP beams. This increase was due to the control of the steel plates on the spalling of the concrete cover and the improvement in the failure modes of the BCSP beams.
5.
The improvement in the over-RC beams with steel plates led to the transition of the nature of failure from brittle to ductile. The beams sustained higher loads until the ultimate capacities were achieved with the reduction of crushing on the top of the concrete, which was one of CB beam weaknesses due to the sudden brittle failure. 6.
Bolting the steel plates to the concrete led to a confining effect on the concrete, leading to less severe horizontal cracks at the compression zone. Notably, due to a more significant confinement effect on the beams, higher steel plate thicknesses were developed, which failed at higher loads. 
Nomenclature
